Given the role of Se as both an environmental contaminant and a micronutrient, the microbial reduc on and subsequent sequestra on of bioavailable Se in soils are of great ecological interest. Primary par cles in surface soils are typically bound into loosely packed, microporous aggregates, which may be cri cal spa al units in determining the fate of Se in soils. Surrounded by macropores where preferen al fl ow rapidly advects dissolved compounds, soil aggregates are domains of slow diff usive transport where spa al varia ons in chemical concentra ons and biogeochemical reac ons can prevail. We conducted a series of controlled fl ow-through experiments u lizing three-dimensional, ar fi cial soil aggregates (2.5-cm i.d.) surrounded by a macropore. Aggregates were composed of either quartz sand or ferrihydrite-coated sand inoculated with one of two Se-reducing bacteria (Thauera selena s or Enterobacter cloacae SLD1a-1). Selenite export rates varied between 0.02 ± 0.01 and 3.4 ± 0.2 nmol h −1 g −1 as a func on of aera on condi on and input solu on composi on (higher SeO 4 2− or C-source concentra ons led to higher SeO 3 2− export). Oxic input condi ons signifi cantly decreased Se reduc on; however, the detec on of SeO 3 2− in effl uent samples indicates the occurrence of anoxic microzones within aggregates. Furthermore, we found that solid-phase concentra ons of reduced Se increased toward the core of aggregates and are es mated to at least double within the fi rst millimeter into the aggregate under all condi ons inves gated. This indicates that concentra ons of reduced Se may generally be expected to increase with distance from the advec on boundary (macropore) inside aggregates, which would imply that soils with larger aggregates retain more Se.
Abbrevia ons: HG, hydride genera on; ICP-OES, induc vely coupled plasma-op cal emission spectrometer.
Selenium is an essen al micronutrient for animals and microorganisms, used in the synthesis of the seleno-amino acids selenocysteine and selenomethionine (Prakash et al., 2010; Stolz et al., 2006) . Selenium is also known to bioaccumulate within the base of the food chain and then biomagnify to elevated concentrations that can be toxic to birds, fi sh, and mammals (Dungan and Frankenberger, 1999; Muscatello et al., 2008) . Humans, for example, need between 30 and 85 μg d −1 of Se, while chronic toxicity ensues for intakes of 400 μg d −1 (Lenz and Lens, 2009 ). Due to the narrow intake range between Se toxicity and defi ciency, ecosystems aff ected by both phenomena occur globally (Haygarth, 1994) .
Selenium is heterogeneously distributed across terrestrial landscapes, with seleniferous soils (>0.5 mg kg −1 ) and those marked by Se defi ciency (<0.1 mg kg −1 ) sometimes occurring as close as 20 km from one another (Lenz and Lens, 2009 ). On top of this natural heterogeneity, human interventions play a critical role in mobilizing Se through the mining of coal, gold, silver, and nickel, combustion of fossil fuels, and smelting operations (Lemly, 2004) . Humans also play a major role in releasing Se from soils to fragile aquatic and wetland ecosystems through agricultural irrigation practices. Selenium contamination of aquatic habitats is of global concern (Lemly, 2004) , and in the western United States alone, more than 150,000 square miles are susceptible to irrigation-induced Se contamination (Seiler et al., 1999) .
Th e mechanisms leading to ecological toxicity of Se are inextricably linked with the element's complex biogeochemical behavior. Selenium occurs naturally in four oxidation states: Se(−II), Se(0), Se(IV), and Se(VI) that vary widely with respect to their solubility, sorptive behavior, and toxicity or bioavailability. Th e primary oxidation states associated with environmental Se toxicity, Se(VI) and Se(IV), occur as bioavailable oxyanions: selenate (SeO 4 2− ) and selenite (SeO 3 2− ) (Dungan and Frankenberger, 1999) . Selenate sorbs weakly, while SeO 3 2− forms strong stable complexes on the surfaces of minerals including
Reduc ve sequestra on of selenium, which is toxic at elevated concentrations, may be enhanced within cen meter-sized soil clumps (aggregates). We investigated microbial Se reduc on in idealized soil aggregate fl ow-through reactors, fi nding increasing concentra ons of reduced Se towards the core of aggregates.
www.VadoseZoneJournal.org ferrihydrite, goethite, hematite, apatite, and MnO 2 (Balistrieri and Chao, 1990; Catalano et al., 2006; Duc et al., 2003; Su and Suarez, 2000) . Selenite is thus less mobile than SeO 4 2− .
Th e reduction of SeO 4 2− to SeO 3 2− , to the insoluble elemental Se(0), and to organic Se(−II) (including gaseous, methylated forms) takes place primarily via microbial dissimilatory reduction (Stolz and Oremland, 1999) . Abiotic reduction has also been observed but only under highly reducing conditions atypical of surface and shallow subsurface environments (Charlet et al., 2007; Myneni et al., 1997) . Microbial reduction of bioavailable Se oxyanions to solid Se(0) is thus widely viewed as one of the primary attenuation pathways for Se in surface soils (Dungan and Frankenberger, 1999; Frankenberger and Arshad, 2001; Losi and Frankenberger, 1997a; Wu, 2004) .
Selenium-reducing microorganisms are found across many bacterial genera (Stolz et al., 2006; Stolz and Oremland, 1999) and even among Archaea (Huber et al., 2000) . Among the bacterial strains of Se reducers isolated to date, Th auera selenatis and Enterobacter cloacae SLD1a-1 have been studied most extensively (Cantafi o et al., 1996; Leaver et al., 2008; Losi and Frankenberger, 1997b; Ma et al., , 2009 Macy, 1994; Maher and Macy, 2002; Maher et al., 2003; Rech and Macy, 1992; Yee and Kobayashi, 2008; Yee et al., 2007) . Both are known to reduce SeO 4 2− via SeO 3 2− to elemental Se (Dungan and Frankenberger, 1999) . Th e selenate reductases for both organisms have been purifi ed and analyzed, exhibiting very diff erent values in their half-saturation constant K m (10 μmol L −1 for T. selenatis and 2000 μmol L −1 for E. cloacae SLD1a-1) and maximum reaction rate V max (40 μmol min −1 mg −1 for T. selenatis and 0.5 μmol min −1 mg −1 for E. cloacae SLD1a-1) (Ridley et al., 2006; Schröder et al., 1997) . Both organisms are facultative anaerobes (Losi and Frankenberger, 1998) ; however, whereas T. selenatis can grow with SeO 4 2− as the sole electron acceptor for anaerobic respiration (Macy, 1994; Macy and Lawson, 1993; Macy et al., 1989 , E. cloacae will not grow in the absence of other electron acceptors (Watts et al., 2003) . Enterobacter cloacae can carry out Se reduction in the presence of O 2 , although at lower rates than in the absence of O 2 (Losi and Frankenberger, 1997c) , while T. selenatis is not known to reduce Se in the presence of O 2 .
Within the physically complex matrix of a soil, microbial reduction is dictated by the local chemical conditions and is thus subject to the soil's physical, chemical, and biological heterogeneity. Aggregates, which are millimeter-to centimeter-sized structural units of clay, silt, and sand particles bound by roots, fungal hyphae, and organic matter (Brady and Weil, 2002) , represent the smallest systems in which the spatial coupling of transport with biogeochemical reactions can be studied on a well-defi ned scale (Tokunaga et al., 2003) . While advective solute transport is prevalent in the interaggregate macropores, transport in the intraaggregate micropores is dominated by diff usion (Tokunaga et al., 2003) . In conjunction with local microbial metabolic activity, this oft en leads to the formation of strong chemical gradients within soil aggregates.
Th e importance of aggregate-scale heterogeneity in particular for local redox levels has long been recognized (Kaurichev and Tararina, 1972; Tyagny-Ryadno, 1958) . Full anoxic to oxic gradients have been observed within aggregates as small as 4 mm in diameter (Sexstone et al., 1985) . Tokunaga et al. (1994) showed that anoxic microzones within fl at synthetic soil aggregates (1-3 cm in diameter) are likely to support localized sites of Se reduction and documented transport-controlled reduction of soluble Cr(VI) to solid Cr(III) taking place exclusively within the surface layer of natural soil aggregates (9-15-cm dimensions) immersed in a Cr(VI) solution (Tokunaga et al., 2003) . Pallud et al. (2010a Pallud et al. ( , 2010b recently investigated ferrihydrite reduction in anoxic fl ow-through experiments utilizing novel artifi cial aggregate systems that closely mimic fi eld transport conditions in structured soils and found strong radial gradients in secondary mineralization products as a result of mass-transfer limitations. Utilizing the same artifi cial aggregate systems, Masue-Slowey et al. (2011) investigated As reduction and release in artifi cial aggregates surrounded by oxic solution and found, through reactive transport modeling, that the development of an anoxic region within the aggregate best described their experimental results. Given the valuable insights that these novel aggregate reactors systems have shed on the dynamics of Fe and As redox chemistry at the aggregate scale, an application to Se reduction appears consequential. Th e dynamics of Se cycling at the aggregate scale are expected to diff er drastically from those investigated so far in these systems because, unlike As, Se is an example of a contaminant that can be reductively immobilized from solution in soils.
In this study, we investigated Se reduction in a series of flowthrough reactor experiments utilizing these novel aggregate reactor systems that mimic the dual porosity of structured soils (with a microporous artifi cial soil aggregate contained in a fl ow-through reactor macropore). Our guiding hypothesis was that aggregatescale transport coupled to microbial Se reduction will lead to systematic spatial concentration gradients within aggregates. Similarly to what has been observed for Fe minerals and As (Pallud et al., 2010a (Pallud et al., , 2010b Masue-Slowey et al., 2011) , we expected Se reduction rates and emergent gradients to depend on the bulk chemical concentrations of C source and electron acceptor, aeration conditions, microbial activity, and the presence of sorptive phases in the solid matrix of aggregates. Our objective was thus to assess the impact of these factors on aggregate-scale Se reduction and transport as well as to characterize emergent chemical gradients. Aggregates were made of sand or ferrihydrite-coated sand, to assess the impact of sorption on Se reduction and transport, and initially contained a homogenous distribution of either Th auera selenatis or Enterobacter cloacae SLD1a-1 as a model Se reducer. Experiments were performed under oxic and anoxic conditions to constrain the infl uence of O 2 on Se reduction. Diff erent concentrations of organic C sources and SeO 4 2− were examined because they are key limiting factors for microbial Se reduction. Temporally resolved data on SeO 4 2− and SeO 3 2− concentrations at the reactor outfl ow and spatially resolved data on solid-phase Se species within the aggregates were collected. We show that the coupling between physical and biogeochemical factors in our systems leads to increasing concentrations of reduced Se in the solid phase toward the core of aggregates under a diverse set of conditions and that the investigated experimental factors have a predictable yet aggregate dynamics specifi c (i.e., not captured by bulk dynamics) impact on reduction rates. Insights gained here have the potential to improve our capacity to predict Se transport and attenuation in structured soils, thereby facilitating the management of Secontaminated terrestrial environments.
Materials and Methods
Ar fi cial Aggregate Construc on Spherical (2.5-cm diameter) aggregates were constructed in the laboratory using the protocol developed by Pallud et al. (2010b) . Aggregates were composed of either pure fi ne quartz sand (IOTA 4 pure quartz powder, grain size of 150-250 μm, Unimin Corporation) or ferrihydrite-coated quartz sand (8-10 g Fe kg −1 aggregate, synthesis [Schwertmann and Cornell, 2000] and coating [Pallud et al., 2010b] as previously described), and contained a homogenous distribution of either E. cloacae or T. selenatis. Th e purpose of these simple solid matrices is to control the physics and chemistry of aggregate systems, perform reproducible experiments, and isolate the eff ects of aggregate-scale transport with a well-constrained set of biogeochemical reactions. Before constructing aggregates, sand was inoculated with one bacterial strain to a density of approximately 10 8 cells g −1 dry aggregate mass (confi rmed via colony-forming unit plate counts on 30 g L −1 tryptic soy broth or minimal medium [Macy et al., 1989 ] agar, 15 g L −1 , for E. cloacae and T. selenatis, respectively). No C source or Se was present in the aggregates at the time of synthesis. Th e inoculated sand, mixed with hydrogel agarose to promote particle aggregation (150 g of 0.5% w/w agarose di-H 2 O, 30 mL of bacterial suspension, and 300 g of sand), was molded into aggregates using a spherical press. Th e physical similarity of constructed and natural soil aggregates has previously been confi rmed by Hg porosimetry measurements (performed on ferrihydrite-coated sand aggregates). Th eir apparent dry bulk density is 1.19 g cm −3 and they have an average pore diameter of approximately 39 μm and a porosity of 0.58 (Pallud et al., 2010b) . 2 mmol L −1 (from a fi ltered, sterile stock solution) to investigate the impact of reactant concentrations. Th e pH was adjusted to 7.2. Th e composition of input solutions remained constant throughout experiments. Constant fl ow rates of 1 mL h −1 were imposed at the reactor's lower boundary (±0.1 mL h −1 for series involving E. cloacae and ±0.3 mL h −1 for series involving T. selenatis) using a peristaltic pump, and effl uent samples were collected in 8-h increments for 160 to 192 h. For aggregate-reactor systems like the ones used in this study, these fl ow rates result in diff usion-dominated transport within aggregates (Pallud et al., 2010a) . Table 1 summarizes the experimental conditions of the performed series.
Flow-Through Reactor Experimental Setup and Input Solu ons
Anoxic experiments were fully contained within an anaerobic chamber with Pd catalysts and N 2 -H 2 headspace (Coy Laboratories), and the input solutions were made anoxic by purging with O 2 -free N 2 for 15 min. For oxic experiments, thorough aeration of the solution surrounding the aggregates was achieved by using oxic input solutions and continuously bubbling air into the reactor cells. At the end of experiments, aggregates were manually shaved using a sterile stainless razor blade into three concentric sections (core: radius 0-5 mm; midsection: radius 5-9 mm; exterior: radius 9-12.5 mm-corresponding to relative volumes of 6.4, 30.9, and 62.7%, respectively) for solid-phase Se extractions. Colony-forming unit plate counts (as above) were conducted with solid material from dissected aggregate sections from a series of four oxic and four anoxic aggregates, but no signifi cant diff erences between sections were found.
Selenium Specia on Analysis in Liquid Samples and Selenite Export Rates
Effl uent samples and solid-phase extraction products from fl owthrough experiments were analyzed for total Se and SeO 3 2− concentrations using a PerkinElmer 5300 DV inductively coupled plasma-optical emission spectrometer (ICP-OES). Total Se was determined using the ICP-OES operating in regular mode and SeO 3 2− concentrations were measured via ICP-OES coupled to a hydride-generation (HG) setup based on the phase separator setup described by Bosnak and Davidowski (2004) and with fl ow rates as used by Brooks (1991) in Manifold 2 (HG-ICP-OES). A sample injection time of 120 s before optical emission reading and a rinse time of at least 30 s with an additional 100 s following samples exceeding 1.9 μmol L −1 were used due to a signifi cant memory eff ect. Elemental and speciation standards were prepared from certifi ed reference stock solutions (VHG Labs) in a matrix matching the composition of measured samples (standards used for the measurement of extraction products thus contained the same HNO 3 concentrations as the diluted extraction products, namely 3.2 or 1.6 mmol L −1 HNO 3 ). Selenate concentrations were computed as the diff erence between total Se and SeO 3 2− concentrations. All SeO 3 2− concentrations measured in effl uent samples were corrected from trace concentrations in the input solutions (impurities of approximately 0.005 mol SeO 3 2− mol −1 SeO 4 2− ). Selenite export rates for each reactor were then computed by multiplying effl uent concentrations at quasi-steady state by the fl ow rate and normalizing by the aggregate dry mass. Th ese quasi-steady-state concentrations were obtained by averaging across a time span of at least 64 h or eight consecutive 8-h samples.
Solid-Phase Extrac on
Solid-phase extraction was performed using a modifi ed version of the HNO 3 extraction as performed by Antanaitis et al. (2008) . Th e method was modifi ed by lowering the extraction temperature to 26°C to avoid volatilization (Bem, 1981) and by increasing the extraction time to 16 h. With such a method, we obtained adequate recoveries in quality control samples, while also preserving the speciation of SeO 4 2− and SeO 3 2− . Aft er thorough grinding of samples in a quartz mortar, solid-phase extractions were performed on 0.5-g (dry weight) subsamples in 5 mL of 16 mol L −1 HNO 3 in sealed Tefl on vessels placed on a rotary shaker inside an incubator set at 26°C for 16 to 24 h. Triplicate extractions were performed for the exterior and midsections of each aggregate, with duplicate extractions for the core sections due to limited sample amounts. Selenate and SeO 3 2− concentrations in the extraction products from aggregate sections were determined using ICP-OES and HG-ICP-OES (see above). Th e average recoveries for quality control samples spiked with various amounts of SeO 4 2− and SeO 3 2− (0.05-10 μmol g −1 ) were 98 ± 15% for SeO 3 2− (from 10 samples) and 97 ± 5% for total Se (from 17 samples). No diff erence in recoveries was observed between the quality control samples for the ferrihydrite-coated sand and the pure sand. Both Se(IV) and total Se were below the detection limit in the control (unspiked) samples. Due to the possible production of solid elemental Se in our systems, we also tested our method with known amounts of elemental Se (Alfa Aesar) to determine its chemical fate during extraction. Th ese tests showed that any elemental Se is oxidized to SeO 3 2− during extraction: the recoveries of triplicate quality control samples containing 2, 5, and 50 μg of elemental Se were 103 ± 16, 94 ± 5, and 102 ± 2% measured as SeO 3 2− via HG-ICP-OES. We consequently cannot distinguish between SeO 3 2− and elemental Se in our solid-phase extracts and are reporting measures of the "reduced Se" fraction (SeO 3 2− and elemental Se) and SeO 4 2− in analyzed solid-phase samples.
Sta s cal Analysis
All statistical analyses were performed using IBM SPSS Statistics Version 19. Th e threshold used for statistical signifi cance was P < 0.01 for all tests. Statistical diff erence between groups of SeO 3 2− export rates was tested using one-way ANOVA with post-hoc comparison via the least signifi cant diff erence (LSD) method. Th e impact of experimental conditions and sample type on solid-phase SeO 4 2− concentrations was assessed using hierarchical ANOVA with the factor sequence: aeration conditions (df = 1), bacterial strain (df = 1), solid matrix type (df = 1), input SeO 4 2− concentration (df = 3), input C-source concentration (df = 1), and aggregate section (df = 2).
Results
Results are expressed as the mean of measurements ± 1 standard deviation unless otherwise stated.
Selenite Export Rates and Es mated Reduc on Rates
Selenite export rates represent the fraction of reduced Se that is exported from aggregates in the form of SeO 3 2− . While not equivalent to bulk reduction rates due to the retention of reduced Se in the solid phase, they are a lower bound for bulk Se reduction and are expected to scale with bulk reduction in the absence of an adsorbent such as ferrihydrite. No SeO 3 2− was detected in the outfl ow from reactors containing ferrihydrite-coated sand aggregates, hence SeO 3 2− export rates were not obtained. For reactors containing pure sand aggregates, SeO 3 2− export rates varied between 0.02 ± 0.01 and 3.4 ± 0.2 nmol SeO 3 2− h −1 g −1 (Fig. 1) .
Under anoxic conditions, SeO 3 2− export rates ranged between 2.2 ± 0.1 and 3.4 ± 0.2 nmol SeO 3 2− h −1 g −1 . While the export rates for E. cloacae and T. selenatis were numerically similar under anoxic conditions, we discuss them separately given the diff erent C sources used and the diff erences between the metabolisms of the two strains. Higher input concentrations both of the C source and of SeO 4 2− resulted in higher SeO 3 2− export rates. Doubling the input concentrations of SeO 4 2− from 0.25 to 0.5 mmol L −1 resulted in an increase in the SeO 3 2− export rate from 2.2 ± 0.1 to 3.4 ± 0.2 nmol SeO 3 2− h −1 g −1 for E. cloacae and from 2.7 ± 0.3 to 3.1 ± 0.2 nmol SeO 3 2− h −1 g −1 for T. selenatis (P < 0.01). Quadrupling the C-source concentration from 0.3 to 1.2 mmol L −1 led to an increase in SeO 3 2− export rates from 2.2 ± 0.1 to 3.2 ± 0.5 nmol SeO 3 2− h −1 g −1 for E. cloacae and from 2.7 ± 0.3 to 3.1 ± 0.2 nmol SeO 3 2− h −1 g −1 for T. selenatis (P < 0.01).
Overall, SeO 3 2− export rates were lower by factors of about 5 and 10 to 100 under oxic conditions than under anoxic conditions (Fig.  1) for E. cloacae and T. selenatis, respectively. Under oxic conditions, SeO 3 2− export rates were consistently lower for T. selenatis (0.02 ± 0.01-0.2 ± 0.1 nmol h −1 g −1 ) than for E. cloacae (0.45 ± 0.04-0.9 ± 0.1 nmol h −1 g −1 ). Higher input concentrations of the C source resulted in increased SeO 3 2− export rates. Quadrupling the C-source concentration increased SeO 3 2− export rates from 0.45 ± 0.04 to 0.9 ± 0.1 nmol h −1 g −1 for E. cloacae and from 0.02 ± 0.01 to 0.2 ± 0.1 nmol h −1 g −1 for T. selenatis (P < 0.01).
Total Se reduction rates were estimated for the 11 aggregates for which solid-phase SeO 3 2− data were available (E. cloacae) (Fig.  2) . Any Se reduced inside the aggregate must either have been exported in the form of dissolved SeO 3 2− or have been retained within the aggregate solid phase. We used the solid-phase reduced Se measurements in conjunction with SeO 3 2− export rates to estimate the total Se reduction rates. Assuming that reduced Se was deposited in the solid phase at a constant rate throughout the course of experiments, we determined the rate of deposition by dividing the solid-phase concentrations (determined at the experiment conclusion) by the duration of the experiments. It is possible that solid-phase deposition rates were in fact higher (due to increased SeO 3 2− concentrations in solution) or lower (due to solid-phase saturation) at the time at which pseudo-steady state was reached in SeO 3 2− export, but this represents the best estimate available to us. It can be seen that in the absence of ferrihydrite, most reduced Se was exported as SeO 3 2− rather than deposited in the solid phase.
Selenate Solid-Phase Concentra ons
Solid-phase SeO 4 2− concentrations ranged from below detection limit to 0.35 ± 0.04 μmol g −1 for all experiments and aggregate sections (data not shown). Solid-phase SeO 4 2− concentrations did not diff er signifi cantly between sections of the same aggregate or aggregates run with diff erent C-source concentrations but otherwise identical conditions (hierarchical ANOVA P = 0.35 and 0.09, respectively). To isolate reactive transport eff ects on solid-phase SeO 4 2− from those due to diff erent SeO 4 2− input concentrations, solid-phase SeO 4 2− concentrations were normalized with respect to the concentrations expected in an unreactive porous medium (i.e., in a solid matrix with pore spaces fully saturated with input solution). Th is value, here referred to as aggregate SeO 4 2− saturation, was obtained by multiplying the input SeO 4 2− concentration by 0.49 mL g −1 , which is the ratio of the porosity and the bulk density of the aggregate material used, and ranged from 0.12 to 0.39 μmol g −1 for SeO 4 2− input concentrations ranging between 0.25 and 0.8 mmol L −1 . Th e ranges of aggregate SeO 4 2− saturations categorized according to aeration condition, bacterial strain, and solid matrix are shown in Fig. 3 . Values >1 indicate that SeO 4 2− partitioned to the solid phase from the solution (i.e., sorption), and values <1 indicate that consumption of SeO 4 2− inside aggregates exceeded the diff usive supply from the surrounding solution. Th e aggregate SeO 4 2− saturation varied from below the detection limit for solidphase samples from pure sand aggregates run under anoxic conditions utilizing E. cloacae to 129 ± 9% for solid-phase samples from ferrihydrite-coated sand aggregates run under oxic conditions utilizing T. selenatis. Hierarchical ANOVA revealed that aeration conditions, bacterial strain, solid matrix, and input SeO 4 2− concentrations all had a signifi cant impact (P < 0.01) on aggregate SeO 4 2− saturation (in order of decreasing importance). Th e F values were 54, 44, 24, and 7.8 for aeration conditions, bacterial strain, solid matrix, and input SeO 4 2− concentrations, respectively. Increasing concentrations of SeO 4 2− in the input generally led to increasing aggregate SeO 4 2− saturation. Ferrihydrite coating and oxic conditions generally led to increased saturation, while inoculation with E. cloacae generally led to lower SeO 4 2− saturation than inoculation with T. selenatis (Fig. 3) .
Reduced Selenium Solid-Phase Concentra ons
Reduced Se solid-phase concentrations in the aggregate exterior, midsection, and core ranged from 0.01 ± 0.01 to 0.34 ± 0.01 μmol g −1 (Fig. 4) . Th ere is a consistent trend for reduced Se solidphase concentrations to increase from the exterior to the interior of aggregates. Th e lowest concentrations were observed for the exterior sections of pure sand aggregates run under oxic conditions. Th e highest reduced Se solid-phase concentrations were observed for the core sections of pure sand aggregates run under anoxic conditions (anoxic experiments with ferrihydrite-coated sand aggregates were not performed).
Reduced Se solid-phase concentrations in pure sand aggregates were signifi cantly higher under anoxic conditions than oxic conditions, while for both sets of conditions neither the input concentration of SeO 4 2− nor that of pyruvate had a signifi cant eff ect. Th e solid-phase concentrations of reduced Se in ferrihydrite-coated sand aggregates from oxic experiments displayed particularly large variation (0.017 ± 0.002-0.27 ± 0.01 μmol g −1 ) but were on average higher than those in pure sand aggregates. Th e aggregate run with the highest 
Discussion

Impact of Aera on Condi ons on Solid-Phase Selenate Concentra ons and Selenium Reduc on Rates
We used SeO 3 2− export rates as a proxy for bulk Se reduction. While, as discussed above, total reduction rates were expected to be somewhat higher than SeO 3 2− export rates due to solid-phase deposition inside the aggregate (Fig. 2) , the export rates do provide a hard lower bound for reduction rates. Selenite export rates were lower under oxic than anoxic conditions, indicating lower Se reduction rates in the presence of O 2 . Lower Se reduction rates refl ect the ability of E. cloacae to reduce SeO 4 2− in the presence of O 2 but at lower rates than under anaerobic conditions (Losi and Frankenberger, 1997b; Yee and Kobayashi, 2008) . Because there is no evidence that T. selenatis can carry out SeO 4 2− reduction in the presence of O 2 , however, the observed SeO 3 2− export for the oxic experiments is an indication of the existence of anoxic microzones within the aggregate. Anoxic zones may arise if the consumption of O 2 by T. selenatis via oxic respiration exceeds the diff usive supply of O 2 into the aggregate from the surrounding solution. Th ese zones enable Se reduction within the aggregate, similar to what has long been known in the context of denitrifi cation within natural soil aggregates (Sexstone et al., 1985) . Reactive transport modeling conducted for analogous systems investigating As desorption (Masue-Slowey et al., 2011) demonstrated that anoxic zones arise from aerobic respiration in artifi cial aggregates of this size and composition.
The lower solid-phase SeO 4 2− concentrations observed under anoxic conditions than oxic conditions indicate that transport of SeO 4 2− from the surrounding solution into the aggregate is slower than SeO 4 2− consumption within the aggregate via reduction. Th is is further evidence that soil structure and diff usiondominated transport within soil aggregates can impact Se reduction. Aggregates may thus promote Se reduction and retention in a soil by creating anoxic environments conducive to the process and drawing mobile, bioavailable Se from the surrounding soil solution.
Impact of Input Solu on Composi on on Selenium Reduc on Rates
The impact of input solution composition on SeO 3 2− export rates was in accordance with expectations from the kinetics of microbially mediated SeO 4 2− reduction. Th e observed decrease in the export rates with decreasing input concentrations of SeO 4 2− and the C source can be understood in the context of a simple model based on Monod kinetics. Th e classical Monod relationship is still the most widely used expression for microbial reaction kinetics and, where the possibility that both the electron donor and acceptor are controlling reaction kinetics exists, the so-called double-Monod is usually the tool of choice (Rittman and VanBriesen, 1996) :
where t is time, n is the local cell density of the SeO 4 
Ignoring intraaggregate transport and heterogeneity of SeO 4 2− , SeO 3 2− , and the C source in the aggregate reactor system would lead to the expectation that SeO 3 2− export rates depend on input concentrations in roughly the same fashion:
where E and E max are the SeO 3 2− export rate and the maximum SeO 3 2− export rate, respectively. To investigate where the assumption of aggregate homogeneity breaks down, we applied this simple model to our SeO 3 2− export rate data from pure quartz sand aggregate experiments and obtained a set of best-fi t half-saturation constants, as well as estimates for maximum SeO 3 2− export rates (Table 2) . Whereas the limited number of data points available for model fi tting, in particular with T. selenatis, prevented us from drawing quantitative conclusions, the model application reveals two noteworthy points.
First, it becomes evident that the response of the aggregate reactor systems to input SeO 4 2− and C-source concentrations adheres fairly closely to Monod kinetics under anoxic conditions but not at all under oxic conditions. Th e estimated maximum SeO 3 2− export rates (E max ) under anoxic conditions displayed relative standard deviations of 12.4 and 0.4% for E. cloacae and T. selenatis, respectively, compared with 38.1 and 107.6% under oxic conditions. While increases in theSeO 4 2− or C source input concentrations still led to increased SeO 3 2− export under oxic conditions, the introduction of O 2 into the solution surrounding the aggregates appears to have had a nonlinear eff ect on Se reduction kinetics in the aggregate-reactor system. Th is shows that ignoring aggregatescale heterogeneity under bulk oxic conditions is likely to yield inaccurate predictions in models.
Second, the diff erence in response to increasing SeO 4 2− concentrations in the input solution for the two bacterial strains is in agreement with information available about the kinetic properties of their selenate reductases. Enterobacter cloacae's selenate reductase was found to have a half saturation constant (K m ) of 2 mmol L −1 (Ridley et al., 2006) , while that of T. selenatis was found to have a K m of 0.01 mmol L −1 (Schröder et al., 1997) . We observed eff ective K m values of 0.5 and 0.07 mmol L −1 for E. cloacae and T. selenatis, respectively, and can thus confi rm that the enzymatic diff erences between the two SeO 4 2− reducers manifest at the aggregate scale. We are aware of only one study in which cellular kinetic parameters from a batch experiment were published for E. cloacae and none for T. selenatis. Ma et al. (2007) found the K m of E. cloacae to be 3.1 mmol L −1 . Given the increased complexity of our aggregate systems and the fact that we are ignoring transport and fi tting SeO 3 2− export rates (i.e., Eq.
[3]) rather than reduction rates (i.e., Eq. [2]) in this analysis, the diff erence with the K m obtained here via model fi tting (0.5 mmol L −1 ) appears modest. Th e K m values for both the E. cloacae and T. selenatis aggregate systems reported here fall in the range of values observed for a diverse set of sediments in the literature (0.008-0.72 mmol L −1 ) (Steinberg and Oremland, 1990) , thus the diff erences between diff erent Sereducing microbes are refl ected at the aggregate scale.
Impact of Ferrihydrite Coa ng on Selenium Reduc on and Reten on in Aggregates
Aggregates composed of ferrihydrite-coated sand showed elevated solid-phase concentrations of both SeO 4 2− and reduced Se and had no detectable SeO 3 2− in effl uent samples. To obtain a quantitative view of sorption to ferrihydrite, we can compare experiments performed under oxic conditions for both bacterial strains with and without ferrihydrite coating but under identical input solution composition (i.e., 0.25 and 0.5 mmol L −1 SeO 4 2− ).
Th ere was no signifi cant diff erence between SeO 4 2− solid-phase concentrations in pure quartz sand and ferrihydrite-coated sand aggregates for the E. cloacae experiments. Th is was probably due to the fact that SeO 4 2− concentrations in the aggregates were limited by diff usion constraints, as evidenced by the low overall solid-phase SeO 4 2− saturations (<50% for pure sand aggregates) in the respective experiments. For the T. selenatis experiments, where reduction was slower, solid-phase SeO 4 2− concentrations were, on average, 0.13 ± 0.03 μmol g −1 higher in ferrihydrite-coated sand aggregates than pure sand aggregates. With a ferrihydrite coating of 9 ± 1 g Fe kg −1 aggregate, this corresponds to a surface excess of 14 ± 2 μmol g −1 Fe.
With regard to SeO 3
2− adsorption, we compare experiments containing ferrihydrite with the analogous ferrihydrite-free experiments that had SeO 3 2− in the outfl ow. It follows from the absence of SeO 3 2− in the outfl ow of experiments containing ferrihydrite-coated sand aggregates that SeO 3 2− was sorbed by the ferrihydrite. By dividing the time-integrated SeO 3 2− export from ferrihydrite-free experiments by the aggregate mass, we can thus obtain estimates between 60 and 110 nmol g −1 of sorbed SeO 3 2− for E. cloacae and between 3 and 25 nmol g −1 for T. selenatis in the ferrihydrite-coated sand experiments. Because sorption of SeO 3 2− was limited by production rather than sorption capacity and no kinetic sorption data can be extracted from our experiments, these values cannot be compared with the literature. For E. cloacae, however, for which direct reduced Se solid-phase measurements are available, we can see that the estimates of sorbed SeO 3 2− obtained from comparing experiments with and without ferrihydrite agree with measured solid-phase values of reduced Se (20-140 nmol g −1 volume average for ferrihydrite-coated sand aggregates). Th e observations from solution and solid-phase data thus appear internally consistent across experimental conditions. 
Spa al Gradients of Selenium Reten on in Aggregates
Reduced Se solid-phase concentrations, which are available exclusively from the E. cloacae experiments, increased from the exterior to the core of the aggregates under oxic as well as anoxic conditions within both pure sand and ferrihydrite-coated sand aggregates. Given the signifi cant impact that aeration conditions and ferrihydrite coating had on total aggregate SeO 3 2− export and reduced Se retention, it is remarkable how consistent this spatial trend was across the investigated conditions. Reduced Se solid-phase concentrations increased with distance from the aggregate surface, and linear regression between the two variables using the least-squares method yielded R 2 values ranging between 0.98 and 1.00 for the four pure sand aggregates run under anoxic conditions, 0.92 to 1.00 for those run under oxic conditions, and between 0.88 and 1.00 for the three ferrihydrite-coated sand aggregates run under oxic conditions. Th e slopes of the linear regression lines ranged between 1 and 26 nmol g −1 mm −1 but were strictly positive. Average slopes were 21 ± 1, 8 ± 9, and 12 ± 11 nmol g −1 mm −1 for pure quartz sand aggregates run under anoxic conditions, pure quartz sand aggregates run under oxic conditions, and ferrihydrite-coated sand aggregates run under oxic conditions, respectively. Intercepts ranged from 0.04 to 10 nmol g −1 and were numerically strictly smaller than the corresponding slope values, meaning that solid-phase concentrations are predicted to at least double within the fi rst millimeters from an aggregate surface toward its core under all investigated conditions. Th is indicates that concentrations of reduced Se may generally be expected to show increases toward the core of aggregates, which would have important implications for Se retention at a larger scale. If we generalize the result to a functional form for solid-phase concentrations of reduced Se (C Se , in nmol g −1 ):
where d = R − r is the radial distance from the aggregate surface, R is the aggregate radius, r is the radial distance from the aggregates center, and m and b are positive slope and intercept constants depending on the soil conditions (aeration, soil, solution, microbial community composition, time, etc.). An idealized spherical aggregate of constant density (ρ), radius R, and volume V would thus have an average reduced Se concentration proportional to its size: Consequently, under conditions that favor microbial Se reduction, soils with larger aggregates are expected to retain larger amounts of reduced Se than soils that are composed of small aggregates.
Th e consistently observed trend that reduced Se concentrations increase toward the core of our soil aggregates across oxic and anoxic conditions as well as within pure sand and ferrihydrite-coated sand aggregates rules out O 2 inhibition of Se reduction and sorption of SeO 3 2− as mechanisms causing this trend. Th e observed trend is in line with transport limitations. Because the fl ow of SeO 3 2− -free input solution around the aggregate acts as a sink for SeO 3 2− that is produced inside the aggregate, we would expect the concentration of reduced Se products to increase with the length of the diff usion path (i.e., toward the core of aggregates), assuming that variations in the source term inside the aggregate are either insignifi cant or increase with the length of the diff usion path. Signifi cant impact of mass-transfer limitations on biogeochemical transformations of ferrihydrite within aggregates has been observed and quantifi ed in a similar system (Pallud et al., 2010a) .
Conclusions
In this work, we have shown that aggregate-scale heterogeneity arising from microbial Se reduction can be observed within simple artifi cial systems. Spatial heterogeneity comes into play in creating anoxic microzones that enable Se reduction under conditions that are otherwise unfavorable, and spatial heterogeneity can be observed in the increasing concentrations of the reduced product toward the core of aggregates. Aggregates may thus improve Se retention in a soil by creating anoxic environments conducive to the reduction process and by accumulating reduced Se at their cores. Promoting soil aggregation on seleniferous agricultural soils, through the addition of organic matter and reduction of tillage, may be an eff ective management practice to reduce the impacts of Se-contaminated drainage water on downstream ecosystems. Th is result may also be useful in the development of treatment systems designed to remove Se from waste water because they suggest that the use of a dual-porosity fl ow-through system may be a fruitful approach. Th e application of aggregate-reactor systems to microbial Se reduction was thus successful in shedding light on the dynamics that control reduction in structured soils and led to the discovery of a gradient in reduced Se concentrations at the aggregate scale that is likely to also occur in aggregates under fi eld conditions.
We have also shown that while reduction rates at the aggregate scale depend on the same controlling factors that have been found to be important in bulk (i.e., aeration conditions, reactant concentrations, etc.), a simple bulk model (ignoring an intraaggregatescale model) misrepresents aggregate-scale dynamics of Se reduction under oxic conditions. Finally, we showed that metabolic differences (enzyme kinetics) between diff erent Se-reducing microbes (enzyme kinetics) are refl ected at the aggregate scale.
While these results highlight the need to consider aggregate-scale processes when discussing Se mobility in soils, it is not evident how they will translate into the elevated complexity of natural systems. Th is question needs to be attacked on three fronts:
1. Th e complexity of model systems needs to be incrementally increased to approach that of the fi eld. We used three-dimensional aggregate systems rather than simple fl ow-through columns or two-dimensional systems and added a level of complexity by including a sorbent phase (ferrihydrite) in select experiments. Future work, however, could focus on variations in aggregate size and shape, mixed microbial communities, and unsaturated fl ow.
2. Field measurements need to be conducted to test the results obtained with model systems. We derived a simple relationship from our results that predicts an increase in reduced Se concentrations with aggregate size in structured soils undergoing Se reduction. Th is represents a testable hypothesis that could guide future fi eld investigations.
3. Reactive transport modeling must be used to help interpret experimental results and bridge the gap between laboratory and fi eld. Th e persistence of the radial solid-phase gradients in reduced Se observed here across all conditions tested (oxic vs. anoxic, plain sand vs. ferrihydrite-coated sand) is striking. A reactive transport model could help clarify whether diff usive intraaggregate transport of SeO 4 2− , SeO 3 2− , and electron donors coupled with microbial reduction would generally be expected to produce the observed pattern in a spherical geometry. If so, the model could be modifi ed to test a broader range of geometries, scales, and biogeochemical processes that are expected under fi eld conditions.
